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ABSTRACT
Boos, Zebadiah, M.S., May 2022
Exercise Science
Integrative Physiology and Athletic Training
The Effects of Fatigue on Landing Impact Forces and Postural Steadiness in Collegiate
Volleyball Players
Chairperson: Dr. Shane P. Murphy
Background: The onset of exhaustion can reduce the performance of an athlete and may
add to the risk of injury. This establishes the necessity to understand when and how the
athlete’s performance is altered as they become fatigued in competition or practice. The
aim of this study was to determine the effects of fatigue on dynamic and static tasks in
collegiate volleyball athletes by implementing a fatiguing jump protocol. Methods: To
replicate an in-game or in-practice situation, five sets of 30 countermovement jumps
(CMJ) at 85% maximal height was implemented. Prior to the fatigue protocol, a baseline
measure of CMJ height, ground reaction force metrics, and postural steadiness center of
pressure (COP) were collected on a force plate. After each simulated set, dynamic and
static tasks were re-assessed to identify changes stemming from the onset of exhaustion
via CMJ and balance assessment, respectively. The CMJ was quantified by the net
positive impulse, the rate of force development at takeoff, jump height, and peak landing
force. Balance was quantified by mean distance, mean velocity, mean frequency, and the
95% confidence ellipse of the COP signal during eyes open and eyes closed. Lastly, the
overall fatigue was quantified at the conclusion of the protocol with a self-reported RPE
score. Results: The outcome of the study indicated that the participants had reached
severe to very severe levels of perceived fatigue (RPE = 6.3 ± 1.0). There were no
significant changes in the dynamic task; however, the static task metrics results showed
significant reductions (p ≤ 0.05) in mean distance, mean velocity and 95% confidence
ellipse of the COP signal. Specifically, balance metrics increased compared to baseline
measures early in the fatiguing protocol before plateauing for the remainder. Discussion:
These findings indicate that our sample cohort was highly fatigue resistant to
degradations in a dynamic task, while losing some postural control during static tasks.
These results suggest that dynamic tasks, that are highly trained, may not be as insightful
to fatigue as other less trained static tasks. Specifically, balance assessments utilizing
COP may be useful in identifying the onset of fatigue. Coaches and clinicians may
benefit from utilizing static tasks to better understanding the underlying levels of fatigue
when attempting to optimize performance and mitigate injury risk.
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Chapter 1: Introduction
Dynamic Tasks and Fatigue
Dynamic tasks, such as jumping, are at the center of athletic performance across a wide
range of sports, particularly those played on courts. In turn, jump landings (e.g., rapid
decelerations, quick counter-movements, and shifts in center of mass) occur frequently in a wide
variety of these sports and have been associated with lower extremity injuries (Aerts et al.,
2013). Volleyball in particular, whether in training or competition, requires a large number of
jumps (e.g. spike, block, set, and serve) and subsequent landings (Paz et al., 2017; Prieske et al.,
2017). These jumps result in varying levels of peripheral neuromuscular fatigue of the lower
extremities (Paz et al., 2017; Prieske et al., 2017). As exhaustion sets in from repetitive jumping,
performance and injury risk begin to form an inverse relationship, with performance decreasing
and injury risk increasing.
The increased risk of injury due to poor landing mechanics is related to the onset of
fatigue and the subsequent loss of strength; ultimately resulting in the reduced capacity of active
tissue (i.e., musculotendinous tissues) to absorb landing impacts (Knihs et al., 2021). As fatigue
increases, the use of bones and joints for shock attenuation increases and registers on a ground
reaction force (GRF) time curve as a much higher impact force, when compared to non-fatigued
landing (Gross & Nelson, 1988; Lesinki et al., 2016) This higher impact forces demonstrate both
fatigue and an increased injury risk.
Previous literature has demonstrated that competition volume and fatigue progression, as
a result of these repetitive jumps, are negatively correlated to counter movement jump (CMJ)
height and landing mechanics (Kipp et al., 2021; Zhang et al., 2021). As fatigue increases,
neuromechanical control during these dynamic tasks are altered and result in a shift of the
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mechanical load to the ankle joint (Zhang et al., 2021). With this loss of control comes an
increased risk of injury to the overloaded joints (Coventry et al., 2006; Dai et al., 2010; Prieske
et al., 2017). In turn, fatigue and the resulting degradation in jump landing mechanics have been
unequivocally supported in the literature (Gribble & Hertel, 2004; Gross & Nelson, 1988;
Prieske et al., 2017; Zhang et al., 2021). The point of interest is how athletes respond over the
course of increasing fatigue, previously shown to result in declines in jump performance, net
impulse during a countermovement, and the resulting landing patterns (Cooper et al., 2020;
Coventry et al., 2006; Gross & Nelson, 1988).
Fatigue and Motor Control
Similar to deficits noted in dynamic tasks, research has shown that as fatigue increases
from acute bouts of physical activity, the reduction in motor control and movement coordination
can also become present in static tasks (Cooper et al., 2020). These static tasks, such as quiet
stance, are crucial components in injury prevention and execution of sports skills (Cooper et al.,
2021; Thompson et al., 2017). Quiet standing involves continuous modulation of ankle extensor
muscle activity to compensate for one’s spontaneous sway, even in the absence of other external
perturbations (Thompson et al., 2017). Static tasks can be an effective tool in quantifying clinical
deficits from neuromuscular and musculoskeletal pathologies (Baghbani et al., 2016; Gathercole
et al., 2015; Gribble et al., 2018; Gribble & Hertel, 2004; Knihs et al., 2021; Masci et al., 2010;
Thompson et al., 2017). In a fatigued state, research has demonstrated balance becoming more
difficult and presenting with larger sway ellipses, greater disturbances in the anterior-posterior
(AP) and medial-lateral (ML) directions, and higher frequency of center of pressure (COP)
change as the individual is less effective at maintaining upright posture (Agostini et al., 2013;
Borzucka et al., 2020; Buchanan & Horak, 1999; Dai et al., 2010; Thompson et al., 2017). These
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changes in COP metrics during quiet stance imply that our ability to maintain upright posture is
altered with the onset of fatigue, placing some populations at a greater risk of falling and
providing insight to the reduction in peripheral neuromuscular control. As there is
epidemiological evidence that more than half of the lower extremity injuries occur late in athletic
practices and that 58% of those are the result of non-contact mechanisms, fatigue may be a
crucial element in injury-related sensory motor changes (Baghbani et al., 2016; Dai et al., 2010).
Therefore, balance metrics may be an effective tool in understanding how a fatiguing bout of
activity results in acute reductions in postural steadiness, coinciding with reductions in proper
jump landing patterns.
By being able to quantify fatigue and neuromuscular adaptations in the lower extremities
during dynamic and static tasks, coaching staff, performance coaches, and athletic trainers may
be able to make better informed decisions to optimize performance and mitigate injuries. Fatigue
of the muscles is related to the loss of tension capacity and/ or force production after repeated
muscle contractions (Gribble & Hertel, 2004). Fatigue has also been demonstrated to have a
negative effect on neuromuscular control and may be attributed to either metabolic or
neurological controls, both peripherally and centrally (Gribble & Hertel, 2004). One of the best
ways of quantifying this neuromuscular control is through the study of posture on a force plate
(Gribble & Hertel, 2004).
Balance and Force Plates
Force plates (FPs) are a highly accessible tool for quantifying dynamic and static tasks
and present a solution for measuring changes in movement patterns facilitated by fatigue. FPs are
becoming cheaper, smaller, and easier to use thanks to recent improvements in technology. The
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ease of implementation and applicable metric quantification presents a unique ability to analyze
underlying neurological mechanisms and an improved ability to translate findings into the field.
To measure these concepts, FPs quantify changes in center of pressure (COP) that can be
used to derive a number of relevant metrics to maintaining upright posture: mean distance
(MDIST), mean frequency (MFREQ), mean velocity (MVELO), and 95% confidence ellipse (95

Figure 1: Postural Steadiness Testing Schematic

CE). These metrics are often used to quantify postural steadiness and the underlying
neuromuscular health of an individual (Borzucka et al., 2020; Prieto et al., 1996). These balance
metrics may present similar reductions in postural control with the onset of fatigue (Agostini et
al., 2013; Borzucka et al., 2020; Williams et al., 2016).
Due to the high motor control requirements of the sport, previous research has shown that
volleyball players have developed unique postural control methods, as a result of distributing
their sensory resources optimally (Agostini et al., 2013; Borzucka et al., 2020; Buchanan &
Horak, 1999; Williams et al., 2016). These unique postural control mechanisms rely more
heavily on visual input and due to the nature of a constantly active sport, like volleyball, the
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players balance is adapted to be ready for any change in play (Borzucka et al., 2020; Williams et
al., 2016). Compared to a healthy population, these changes in postural control may originally
present as fatigued; however, when compared to other athletes or other volleyball players, the
postural control appears normal (Agostini et al., 2013; Borzucka et al., 2020). Visual input may
be more important in controlling the orientation of the trunk and head than coordinating lower
leg responses to surface perturbations (Borzucka et al., 2020).
Interestingly, even with the unique posture, these athletes have been seen to be much less
vulnerable to accidental fluctuations and disturbances of postural control (Borzucka et al., 2020).
Skilled control of posture is incredibly important to athletic populations and likely fundamental
to volleyball players, especially during dynamic tasks (Agostini et al., 2013; Baghbani et al.,
2016). A dynamic task, such as a CMJ, have been extensively studied on FPs. Previous research
has demonstrated that CMJs are an indirect measurement of lower extremity power and strength
(Barker et al., 2018; Cooper et al., 2020; Gathercole et al., 2015; Kipp et al., 2015; Knihs et al.,
2021; Sarvestan et al., 2018). In turn, the CMJ is commonly used in high-performance sport to
determine changes in neuromuscular function resulting from training and fatigue (Gathercole et
al., 2013)
Countermovement Jumps
When performed on a FP, CMJs can be divided into four main phases: unweighting,
eccentric, concentric, and landing (Sarvestan et al., 2018). The unweighting phases is defined as
when the velocity decreases below zero or there is a reduction in bodyweight by 2.5% (Barker et
al., 2018; Sarvestan et al., 2018). The eccentric phase begins immediately after the unweighting
phase and lasts until the velocity of the center of mass equals zero (Sarvestan et al., 2018). Next,
the concentric phase begins as soon as the velocity of the center of mass becomes positive and
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lasts until the participants leaves the FP (Sarvestan et al., 2018). Finally, the landing phase
begins the moment the subject touches back down onto the force plate and the impact forces
(GRF) are first recorded. These phases can be visualized on a GRF time curve as the athlete
performs the CMJ.

Figure 2: Ground Reaction Force (GRF) Time Curve

In relation to performance and fatigue, previous research has determined that power
output, or positive net impulse output, in the CMJ may be an ideal marker with excellent
reliability and sensibility, to detect even the smallest effects and levels of fatigue (Knihs et al.,
2021). Interestingly, average and positive net impulse of the concentric phase of a CMJ was
shown to be correlative to vertical jump height in young volleyball players (Barker et al., 2018;
Sarvestan et al., 2018). It is important to consider then the correlation between landing patterns
and fatigued musculature. In reaction to the GRFs generated during landing, the lower body acts
as a kinematic chain and are influenced by different joint motions within this chain (Aerts et al.,
2013; McErlain-Naylor et al., 2014).
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Volleyball Populations
Volleyball is a popular sport internationally that incorporates both postural control and
jump biomechanics. Volleyball is a game requiring a high aerobic capacity, jumping abilities
(i.e., in blocking and spiking), power, and agility, especially in multiset games where
maintaining a high level of performance over time is beneficial (Paz et al., 2017). The
effectiveness in serving, receiving, setting, or digging the ball is affected by the athlete’s ability
to control their dynamic balance (Agostini et al., 2013). The demands and stresses experienced
from repetitive jumping in volleyball can also be translated to other court sports that experience
the fatigue and neuromuscular load of repetitive jumping.
Volleyball players are asked to adapt their posture rapidly in order to react to each game
situation. A restoration of postural control after a perturbation is crucial (Agostini et al., 2013).
Fatigue may be a key topic of discussion as it sets in on these players and hinders their abilities,
particularly with postural control and rapid jump movements. The onset of fatigue comes in a
linear fashion until performance cannot be maintained. However, even a well-trained, unfatigued
person is only able to utilize ¾ of the available muscle power in basic multi-joint movements
such as a VJ or CMJ (Luhtanen & Komi, 1996). This means that as fatigue progresses
throughout a given bout of exercise, the available mechanical energy decreases. Therefore, to see
a continual decrease in CMJ height indicates that the mechanical energy is decreasing. However,
given the need for consistent high-intensity performance, the players may begin sacrificing
proper technique for desired results. Information like this could play a vital role in the hands of
coaches, should they be able to assess players fatigue through balance. This has generalizable
applications to countless other sports and physical activities.
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Future Application
Sport coaches, performance coaches and athletic trainers may benefit from understanding
if CMJ and balance assessments can detect the onset of fatigue. Furthermore, there is value in
understanding at what time point these changes occur. In turn, the primary aim is to determine if
COP metrics during quiet stance and vertical GRF metrics during a CMJ can detect the onset of
fatigue. A secondary aim is to identify when a significant difference occurs between fatiguing
bouts of jumping. This information could be found very valuable by court sports support staff to
make informed decisions for their athletes to maximize performance and minimize injury risk.
Statement of Problem
Consistent and extended jumping bouts, particularly in court sports such as volleyball, are
highly fatiguing. Coaches, athletic trainers, and other support staff who work with the team do
not have a fast and reliable method of determining fatigue. These bouts that may result in
underlying neuromuscular or biomechanical changes which an objective method would be
invaluable to measure. An additional concern regarding balance assessment of volleyball players
is that they have been shown to present a unique postural steadiness pattern, so as a result,
studying them on a force plate will require constant measurements and an entirely new
understanding of their balance metrics as they cannot be compared to previous research of
general populations. There is a gap in the literature that examines both declines in jump
performance and postural control which this present study aims to examine.
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Research Hypotheses
1. We hypothesize that positive net impulse output during a CMJ will decrease following a
fatiguing protocol
2. We hypothesize that RFD during a CMJ will decrease following a fatiguing protocol
3. We hypothesize that vertical GRF (GRF) during a CMJ will increase following a
fatiguing protocol
4. We hypothesize that COP displacement/sway will increase following a fatiguing protocol
5. We hypothesize that COP frequency will decrease following a fatiguing protocol
6. We hypothesize that COP velocity will increase following a fatiguing protocol
7. We hypothesize that the 95% CE will increase following a fatiguing protocol

Significance of the Study
These findings may provide insight into these court sport and, specifically, volleyball
communities when deciding whether to remove athletes prior to a practice or an in-game
situation and may help with the goal of mitigating injury and maintaining performance.
Rationale of the Study
Fatigue has been shown to have positive correlations with risk of injury and loss of
performance (Aerts et al., 2013; Coventry et al., 2006; Knihs et al., 2021). Assessing fatigue in
athletes can be easily completed by using a CMJ and static balance task on a force plate. FPs
allow researchers to analyze important metrics gathered from these tasks which are correlated
with fatigue. Understanding these metrics may be beneficial in understanding the onset of
fatigue, and when injury risk outweighs performance.
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Delimitations
1. Included only female collegiate volleyball athletes; all athletes were part of the University of
Montana volleyball team.
2. Will implement a fatiguing protocol in a controlled lab setting
3. CMJ includes arm swing
4. Athletes with a history of lower limb injury were excluded from the study
Limitations
1. Excluded basketball and recreational volleyball athletes
2. Not obtaining data from in game and in practice situations
3. Limited previous research using arm swing during CMJ
4. Quiet stance may not be a challenging enough task for highly trained athletes to discern
levels of acute neuromuscular fatigue
Assumptions
1. CMJ and postural control in collegiate volleyball athletes is representative of other jumping
sports.
2. Arm swing is more representative of in game task and does not hinder performance
3. Data collected and the fatigue protocol is representative of what is experienced in game and
practice settings
4. Changes of center of pressure quantify in acute neuromuscular adaptations/ neuromuscular
deficits
5. Any present or underlying injuries may produce a greater or unrepresentative response to the
fatigue protocol
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Definition of Terms
•

CMJ Unweighting Phase- When the velocity decreases below zero or there is a reduction in
bodyweight by 2.5% (Barker et al., 2018; Sarvestan et al., 2018) (Figure 3, A)

•

CMJ Eccentric Phase- Begins immediately after the unweighting phase and lasts until the
velocity of the center of mass equals zero (Sarvestan et al., 2018). (Figure 3, B-C)

•

CMJ Concentric Phase- As soon as the velocity of the center of mass becomes positive and
lasts until the participants leaves the FP (Sarvestan et al., 2018). (Figure 3, C-F)

•

CMJ Landing Phase- The moment the subject touches back down onto the force plate and the
impact forces (GRF) are first recorded. (Figure 2,3)

•

Positive Net Impulse (Power)- The greatest value, under the curve, of newtons reached after
the loading and eccentric phase. Usually represented by the second highest peak on a GRF
time curve. (See Figure 3 below)

Figure 3: Vertical GRF Time Curve
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•

Rate of Force Development- The slope of the line over the positive net impulse from the first
start of force production to the second largest peak GRF. This slope determines the rate of
force development by calculating how fast the muscles were able to covert the stored
eccentric energy into concentric energy. The steeper the line on a GRF time curve, the faster
the RFD. (Figure 2)

•

Peak GRF- The measurement at the moment the subject lands back down onto the force
plate, represented by the largest vertical spike in Newtons on the GRF time curve following
contact with the force place during the landing phase.

•

COP sway-Average distance between the farthest points on a stabilogram from the mean
COP (Agostini et al., 2013).

•

COP velocity- Obtained by dividing the total sway path by the respective time duration.

•

COP frequency- Rate of time between opposite points farthest from each other, average value
of mean distance over total path length of total excursions (Prieto et al., 1996).

•

COP 95% CE- The area of a circle with a radius equal to a one-sided 95% confidence limit,
enclosing 95% of all COP points from the mean COP.

•

Fatigue- Decline in the ability to perform tasks or produce muscular power as a result of
overuse (Cooper et al., 2020). Or, fatigue of the muscles is related to the loss of tension
capacity and/ or force production after repeated muscle contractions (Powers & Howley,
1990).
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Chapter 2: Review of Literature
Countermovement Jumps
The counter-movement jump (CMJ) is at the center of court sport performance and its
understanding is vitally important to maintaining performance and preventing injury (Cooper et
al., 2020, Gathercole et al., 2015, Hughes et al., 2021). The CMJ has been a pillar of testing
jumping ability and indirectly testing lower limb strength and power, as well as indicators of
fatigue (Cooper et al., 2020, Gathercole et al., 2013). This test can give insights into lower limb
explosiveness, coordination, and overall proprioception, which for athletes are crucial skills to
develop (Cooper et al., 2020; Kipp et al., 2016; Paz et al., 2017).
The CMJ movement begins in an upright position, hands at the side or athletic stance for ingame situations. The loading phase of the CMJ begins with a preliminary downward movement
by flexing at the knees and hips and lowering down into a squat position while extending at the
shoulder (Ortega et al., 2010). This is the eccentric phase of the movement. There is a minimum
stop between the eccentric and the concentric phases to take advantage of the energy stored by
the elastic elements of the muscles (Ortega et al., 2010). This is followed by the propulsion phase
in which the person performing the CMJ will take advantage of the elastic elements in stored
muscular energy of the stretch-shortening cycle (SSC) (Ortega et al., 2010). During the
propulsion phase the participant will extend at the knees and hips while simultaneously swinging
the arms into shoulder flection (Ortega et al., 2010). This is followed by the landing phase as the
person comes back down and absorbs the landing impact force eccentrically (Luhtanen & Komi,
1996).
Further understanding the CMJ requires understanding of a ground reaction force (GRF) time
curve, which is a visual representation of the forces at work during a CMJ when performed on a
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force plate. Using a force plate allows researchers to visualize the absorption of forces as the
body acts as a kinematic chain during these jump landings (Aerts et al., 2013). However, this
approach provides limited information regarding the mechanical changes associated with
longitudinal training-adaptation and fatigue. (Gathercole et al., 2015)
GRF Time Curve
The CMJ test is commonly used in high-performance sports to determine changes in
neuromuscular function resulting from training and neuromuscular fatigue (Gathercole et al.,
2015). The absorption of landing forces can be seen on a GRF time curve after a CMJ. The GRF
time curve helps identify the main sections or phases of a CMJ and helps researchers measure it
across time. These phases include: the unweighting phase, eccentric phase, amortization phase,
concentric or propulsion phase, and landing phase.
The beginning of the unweighting phase occurs when the velocity measure starts to decrease
from zero and is finished when it reached its lowest value. (Sarvestan et al., 2018). Next, the
eccentric phase begins immediately after the unweighting phase and lasts until the velocity of the
center of mass becomes equal to zero (Sarvestan et al., 2018). The amortization phase is the
time delay between overcoming the negative work of the eccentric pre‐stretch to generating the
force production and accelerating the muscle contraction and the elastic recoil in the direction of
the plyometric movement pattern (McErlain-Naylor et al., 2014). Next, the concentric phase
takes over at the end of the amortization phase and starts when the velocity of the center of mass
becomes positive and lasts until the participants leaves the platform (Sarvestan et al., 2018).
These time points are essential to our study of the CMJ because by analyzing the metrics and
forces displayed at certain points, assumptions can be drawn based on previous research to give
insight into fatigue and performance (Barker et al., 2018; McErlain-Naylor et al., 2014; Prieske
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et al., 2017). From these phases, metrics such as: jump height, relative strength index (RSI), rate
of force development (RFD), and positive net impulse power can be determined. These metrics
are of particular importance because they have been directly correlated with performance and
have been used to determine fatigue levels or rate at which fatigue is accumulating (Barker et al.,
2018; McErlain-Naylor et al., 2014; Prieske et al., 2017).
In athletic populations, there is a wide difference between performance styles, which present
a unique challenge while studying the CMJ. During the CMJ, previous research found that the
average take-off velocity of the total performance was only 76% of the theoretical maximum
calculated from the segmental analyses (Luhtanen & Komi, 1996). Take off velocity in vertical
jumps was caused by the different components as follows: knee extension- 56% plantar flexion22%, trunk extension- 10%, arm swing- 10%, and head swing- 2% (Luhtanen & Komi, 1996). In
athletic populations, these differences have not been fully researched or understood, especially
inter-sport differences. However, researchers did find that the optimal timing of the segmental
performances was calculated to increase the total efficiency to 84%, which means that further
training of the CMJ may benefit sport performance (Luhtanen & Komi, 1996). However, even a
well-trained person is able to utilize only 3/4 of the available mechanical energy in the basic
multi-joint movement such as jumping (Luhtanen & Komi, 1996). This is important to the
current research project because of the interactions that fatigue has in a sport scenario. If a
volleyball player begins to present with fatigue, the available mechanical energy will begin to
shift more towards maintaining jump height and away from proper landing mechanics.
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GRF Time Curve Metrics
Countermovement jump analysis is typically limited to analyses of CMJ output (i.e.,
peak/mean values specifically relating to the concentric phase) such as jump height and peak
power (Gathercole et al., 2015). When assessing performance and fatigue, there are several
metrics gathered from the GRF time curve that are also significant, like vertical ground reaction
impact forces (GRF), which give insight into landing patterns and muscle function during
landing. In reaction to the generated ground reaction forces during a jump landing, the lower
body acts as a kinematic chain and that these generated forces are influenced by the different
joint motions within this chain, and influenced by the fatigue level of the muscles. (Aerts et al.,
2013)
Fatigue of the leg muscles can be determined through jump height analysis, or net impulse
power analysis (Barker et al., 2018). Jump height, in studied athletes, correlated directly to the
variable derived from the concentric portion of the CMJ, specifically peak power (Barker et al.,
2018; Sarvestan et al., 2018). The unloading, eccentric, and amortization phases correlated to
RSI, jump time, and power output/ net impulse power (Barker et al., 2018; Sarvestan et al.,
2018). Power output (PO) is the better marker in CMJs with excellent reliability and sensibility,
which allows detection of even the smallest effects on the force plate and can differentiate the
fatigue levels of an individual (Knihs et al., 2021). Prieske et al. (2017), found that GRF signals
could be used with a high level of accuracy to determine jump height based on the intervals
between offset and onset of GRF forces.
Looking at a complete time series of the task is more important than looking at the individual
components, at least for this research. The CMJ is a simulated athletic movement. It is functional
and can be used in a number of different ways, like baseline testing. It is used because it mimics
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the task of volleyball in a more controlled manner. Although some positions within volleyball
may start in a more squatted or upright position they are ultimately utilizing a CMJ in both
offensive and defensive positions. This task is representative of what they are being asked to do
in game play situations.
Landing Impact Forces
We are specifically looking for the impact force on landing. This has been shown in
literature to give insight into the level of fatigue that individuals present when measured
(Coventry et al., 2006; Prieske et al., 2017; Sarvestan et al., 2018; Zhang et al., 2021). In the type
of landing of this study, impact absorption starts when the jumper’s toes touch the ground
(Ortega et al., 2010). This is the moment that the center of mass has maximal downward velocity
and the moment that the velocity starts to decrease after the flight (Ortega et al., 2010). The
impact absorption is ended at the lowest position of the center of mass, when its velocity
becomes zero (Ortega et al., 2010). Stiffer jump landings are representative of more skeletal
absorption of impact forces which register a higher impact on the GRF curve and are known to
also correlate with a fatigued landing (Coventry et al., 2006; Gross & Nelson, 1988; Knihs et al.,
2021; Zhang et al., 2021).
A stiffer jump-landing technique is a risk factor in the development of overuse injuries
and acute injuries, caused by less active motion in the lower extremity joints and by the
increased valgus position of the knee during the jump-landing maneuver which creates an
unfavorable alignment of the lower extremity (Aerts et al., 2013; Knihs et al., 2021). It is known
that stretch shortening cycle fatigue induces acute and delayed alterations on task performance
(e.g., jump height or power output) due to loss of strength, but it also has effect on
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proprioceptive and neuromuscular level, changing the ability of shock absorption by the muscles
(Knihs et al., 2021).
In these situations, parameters of movement such as lower limb stiffness may be a
sensitive marker of fatigue (Knihs et al., 2021). These forces can be quantified and analyzed by
the highest peak on a GRF time curve as the peak GRF. GRFs represent the acceleration of the
body’s center of mass when the human body interacts with the ground. However, excessive GRF
values in particular during landing from jumps are often discussed as contributing to overuse
injuries (Prieske et al., 2017). Larger GRFs have been also linked to ACL injury by the increased
knee flexion moments that come with landings with greater GRFs (Aerts et al., 2013).
Application to the Real World
Our findings may be able to inform in-game decisions. As a match progresses and as a
team enters the later sets, athletes may be at a greater risk of reduced performance or greater risk
of injury. Better understanding ways to quantify these deficits may better inform how coaches
and athletic trainers approach athletes during these sets.
Our study design accurately reflects a culmination of over 150 jumps. This magnitude of
jumping is not only representative of competition but also may represent a strenuous practice
session as well. By better understanding how performance can reduce over time and be able to
quantify the onset of neuromuscular fatigue with changes in a static task, we hope that coaches
and athletic trainers may be able to better train or to avoid overtraining athletes.
Although athletes with a history of lower extremity injury are excluded from the present
study, we may be able to translate our findings to an injured population. If we are able to
successfully see a reduction in performance of postural steadiness in healthy individuals we can
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feasibly translate it to individuals returning to activity. Given that these are elite athletes,
returning to play as soon as possible is an important factor in their treatment.
Fatigue and CMJ Metrics
In a real-world setting, the onset of fatigue and, in turn, the reduction in athletic
performance likely results in the athlete being subbed out unless performance is maintained.
Presently, our concern is focused on the resulting change in mechanics if an athlete is not
removed from activity. These changes in mechanics may include factors such as: neuromuscular
function, CMJ biomechanics, postural steadiness biomechanics, and the sensorimotor system
(Gathercole et al., 2015; Kipp et al., 2021; Prieto et al., 1996; Zhang et al., 2021).
In a study of different fatigue protocols, Gathercole et al., (2015) found that acute fatigue
decreased peak force and eccentric function, while the duration of the jump increased. In the
group which maintained a structured training block, Gathercole et al., (2015) saw increased peak
force and eccentric function, while jump duration markedly decreased. Their results suggest that
the acute fatiguing protocol decreased CMJ force production and prolonged jump duration.
Conversely, chronic training decreased jump duration and increased force and power production.
This research presents an interesting application to the volleyball athletic population in
which it is common that matches can last between 1 to 3 hours, should the game go to 5 sets.
Lengthy jumping bouts, especially in court sports, may take these results presented by
Gathercole et al. (2015), seriously in relation to performance contributions. Additionally, the
intensity difference between a research study and in-game performance are also markedly
different and may result in even higher levels of fatigue. Intensity in volleyball is a large
contributing factor to fatigue because of the necessary jump height needed for major plays and
responses to changes to the game.
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In a study on intermittent sport athletes, Schmitz et al., (2014) found that in a fatiguing
protocol similar to a VB match, CMJ height was maintained during the 1st and 2nd halves, the
body descended less and knee kinetic and energetic magnitudes decreased as the intermittent
exercise program progressed. With volleyball players as a sample population, it would make
sense that showing a decrease in jump height would result in the removal from the game, so
jump height is maintained, while landing mechanics are sacrificed. Even given the fatigue
present during the latter portions of volleyball matches, none of the reviewed studies found a
significant change in jump height over the course of a match. However, Kipp et al., (2021) found
that over the course of a season, greater competition volume was negatively associated in CMJ
height.
Interestingly, it was noted in a study by Masci (2010), that volleyball athletes performed
better in all tests and were more resistant to fatigue than non-jumper athletes. Furthermore,
volleyball athletes showed a reduced co-activation of knee flexor/extensor muscles. Coactivation is the concurrent activation around a single joint during voluntary muscle contractions,
usually involving agonist and antagonist muscles (Enoka, 2002), higher agonist-antagonist CO
allows for an increase in joint stiffness and assures joint stability (Masci et al., 2010). This
indicates that there is a neural adaptation of the motor control scheme to training (Masci et al.,
2010).
The alterations in co-activation with training, as those exhibited by volleyball players,
may be related to a change in the ability to focus the motor command to the appropriate muscles
involved in the task (Masci et al., 2010). During volleyball training and/or competition, athletes
have to perform a large number of jumps (e. g., block jumps, spike jumps, serve jumps) that
cause neuromuscular fatigue of the lower limb muscles. Interestingly, Ribeiro et al. (2007),
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showed that after a volleyball match, active positioning of the knee joint was less accurate and
less consistent in female elite volleyball players, which is correlative to higher injury risk,
especially in female volleyball players (Masci et al., 2010).
Landing patterns after a jump while fatigued can lead to a risk of injury up the kinematic
chain (Aerts et al., 2013). An inappropriate jump-landing technique can increase valgus strain on
the knee during take-off and landing, and will decrease the absorption of energy generated upon
landing, resulting in more stress on the knee joint which then increases the risk of injury
occurrence (Aerts et al., 2013). Earlier studies have indicated that insufficient knee ﬂexion and/or
excessive knee valgus appear to be responsible for an increased risk of sustaining non-contact
lower limb injuries particularly during movements characterized by rapid deceleration phases or
rapid changes of direction such as during jumping and landing, which are especially common
during a volleyball practice and/or match (Prieske et al., 2017).
This force on impact travels to all joints along the leg and the inappropriate landing can
be seen on a force plate measure GRF curve as previously mentioned. In a study on fatigue
progression, the researchers saw results demonstrating a transition from stiff to soft landing, and
then to stiff landing with increasing fatigue (Zhang et al., 2021). Participants used ankle joints
more to control the landing intensity at severe fatigue (Zhang et al., 2021). Use of the ankle
joints and knee joints for landing impact absorption present a very dangerous injury risk. Lower
body fatigue can lead to a decline in jump performance and can be assessed through power
output and landing patterns during a CMJ (Cooper et al., 2020; Coventry et al., 2006; Gross &
Nelson, 1988).
In a study on elite volleyball players, Prieske et al. (2017), found that knee valgus angles
were higher on unstable compared to stable surfaces during drop jumps and in females compared
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to males during drop and countermovement jumps. Findings revealed that fatigue and surface
instability resulted in sex-specific knee motion strategies during jumping in elite volleyball
players (Prieske et al., 2017; Ribeiro et al., 2008). Additionally, Ribeiro et al., (2008) found that
after a volleyball match, active positioning of the knee joint was less accurate and less consistent
in female elite volleyball players. Volleyball was among the sports worldwide that had the
highest risks to suffer ankle sprain with an incidence rate of 2 per 1000 person-hour (Dai et al.,
2010). The researchers found that ankle sprain was associated with lower extremity alignment,
joint range of motion, ankle joint position sense, and postural control (Dai et al., 2010). Surface
instability can also be correlated with balance and neuromuscular coordination.
Balance
The study of balance, stabiliography, is the objective study of body sway during quiet
standing, i.e., stance in the absence of any voluntary movements or external perturbations. (Dai
et al., 2010). This study of body sway is focused on the movement path of center of pressure
(COP). The COP is understood as the point between the feet that reflects the position of the
persons center of mass above it. The COP reflects the orientations of the body segments (joint
angles), as well as the movements of the body (joint angular velocities and accelerations) to keep
the center of gravity over the base of support (Prieto et al., 1996). The anterior-posterior (AP)
and medial-lateral (ML) displacement of the COP can be measured with a force plate, which
makes it very applicable to research and sport performance (Prieto et al., 1996).
Postural steadiness is a measure of the dynamics of the postural control system associated
with maintaining balance during quiet standing. The control of posture is maintained by a
complex sensorimotor system, which integrates information from the visual, vestibular, and
somatosensory systems (Prieto et al., 1996). These three complex systems come together to
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control the overall postural steadiness of a person (Prieto et al., 1996). From a motor control
perspective, postural sway can be viewed as a measure of the effectiveness of sensorimotor
integration in response to changing COM locations relative to the base of support (Williams et
al., 2016).
Interestingly in volleyball players, compared to control groups, visual cues seem to play
the largest role because of the nature of their sport (Borzucka et al., 2020; Williams et al., 2016).
In their study on elite volleyball players, Borzucka et al., (2020) found that on the court they
have to distribute their sensory resources optimally between balance control and actions resulting
from the specifics of the volleyball game. Additionally, that most of the actions on the court have
a “destabilization – recovery of balance” sequence that boost demands not only on spatial but
also on temporal balance abilities (Borzucka et al., 2020; Le Mouel & Brette, 2017). These
athletes participate and train in visually stimulating rapidly changing environmental conditions
that involve moving suddenly from a static position (i.e., ready stance prior to a volleyball serve)
(Williams et al., 2016).
Previous research has demonstrated that volleyball athletes have an enhanced visual
acuity compared to controls (Agostini et al., 2013; Buchanan & Horak, 1999; Williams et al.,
2016). Athletes have a postural scheme that integrates the visual system differently with respect
to untrained subjects and amongst other athletes. (Agostini et al., 2013). Williams et al., (2016)
found that certain athletes (volleyball players, canoers, kayakers, and ice skaters) all demonstrate
greater sway magnitude in eyes open (EO) conditions when compared to healthy non-athletes
and during eyes closed and unstable platform conditions (foam board) these same athletes were
not significantly different from healthy non-athletes. Therefore, greater sway magnitude is not
always an indicator of the health of the postural control system or reduced balance (Williams et
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al., 2016). This could be explained by the dynamical systems theory where biological systems
self-organize in order to adapt to the environment, biomechanical and morphological constraints
of the tasks (Agostini et al., 2013; Borzucka et al., 2020; Buchanan & Horak, 1999; Williams et
al., 2016).
Similar research has provided some insight into healthy individuals, there are no clearly
defined criteria for optimal postural strategies for elite athletes, but they rather vary depending
on a given sport (Borzucka et al., 2020; Williams et al., 2016). Balance is a crucial component in
injury prevention, movement economy, and executing sport skills. Balance is mainly categorized
into 2 types, static and dynamic, which are critical in executing movement patterns (Cooper et
al., 2020). The key finding of Asadi, 2016, was that fatigue in the lower legs caused by a series
of plyometrics, like squat jump, tuck jump, and depth jump, (common moves on the volleyball
court), induced less postural control in a star excursion balance test (SEBT) test, which was
proven to be effective as a balance measure by Gribble et al. (2004;2018). Based on the
previously mentioned research, measurement of balance with eyes open may not illicit an
accurate response to fatigue, and that the better measurement of true postural steadiness should
be in an eyes closed condition.
The use of a force plate has been a standard measure of COP metrics because of the
ability to detect and quantify even the smallest adjustments. Aspects of neuromuscular control
may be quantified through measures of postural control. Postural control may be classified as
either static (attempting to maintain a base of support with minimal movement) or dynamic
(attempting to maintain a stable base of support while completing a prescribed movement)
(Gribble et al., 2018) These are critical in executing movement patterns and are a crucial
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component in injury prevention, movement economy, and executing sport skills (Cooper et al.,
2020).
In volleyball, the effectiveness in serving, receiving, setting, or digging the ball is
affected by the athlete’s ability to control their dynamic balance. Volleyball players are asked to
adapt their posture very quickly to promptly react to each game situation. A rapid restoration of
the body balance after an equilibrium disturbance is crucial. (Agostini et al., 2013; Williams et
al., 2016). It is theorized that muscle fatigue may impair the proprioceptive and kinesthetic
properties of joints by increasing the threshold of muscle spindle discharge, disrupting afferent
feedback, and subsequently altering conscious joint awareness (Agostini et al., 2013; Baghbani
et al., 2016; Borzucka et al., 2020; Cooper et al., 2020; Gribble et al., 2018; Gribble & Hertel,
2004). Therefore, altered somatosensory input due to fatigue could result in deficits in
neuromuscular control as represented through deficits in postural control (Gribble & Hertel,
2004; Gribble et al., 2018) In fact, Ribeiro et al., (2008) found that fatigue induced by a
simulated competitive volleyball match resulted in proprioceptive deficits, decreasing dynamic
sensorimotor system acuity in female volleyball players.
Balance Metrics
The measurement of postural stability on a force plate may be used to derive
displacement, frequency, velocity, and 95% confidence ellipse of the COP. Previous research has
found these metrics to be key to understanding postural control (Barker et al., 2018; Borzucka et
al., 2020; Buchanan & Horak, 1999; Cooper et al., 2020; Hughes et al., 2021; Prieto et al., 1996).
Mean displacement (MDISP) is defined as the average distance traveled by the COP from
the beginning position (Prieto et al. 1996). Displacement gives correlative insight into balance
metrics as those with decreases postural steadiness are prone to large displacement (Asadi,
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2016). Previous studies have characterized postural steadiness with measures related to the
velocity of the measured displacement area of the stabilogram as well as the mean displacement
of the COP (Prieto et al., 1996).
Mean frequency (MFREQ) is the measure of the number of changes in direction of the
COP per unit of time for both AP and ML directions (Prieto et al., 1996). Mean velocity
(MVELO) is recorded as the average velocity of the COP and is calculated as displacement over
time, which normalizes the total excursions to an analysis interval. (Prieto et al., 1996). Mean
velocity in frequency has been suggested, in previous research, to be the most reliable COP
measurement of postural steadiness (Dai et al., 2010). Frequency determines the velocity
between collected data time points during the assessment (Prieto et al., 1996). Previous research
has shown that athletes present higher frequencies as a result of sport specific adaptations
(Borzucka et al., 2020).
The 95% confidence ellipse (95%CE) will be found from the balance assessment through
analysis of the resultant distance, and is expected to encapsulate approximately 95% of the points
on the COP path. This is the vector distance from the mean COP to each pair of points in the AP
and ML time series, which will present in the shape of an ellipse with 95% of all points inside
(Prieto et al., 2016). It has been demonstrated in previous research that postural steadiness is
correlated with a smaller area of the 95% confidence ellipse (Agostini et al., 2013; Borzucka et
al., 2020).
Fatigue and Balance
As previously mentioned, fatigue can present a detrimental effect on postural control
which in turn can increase injury risk during landing or quick counter movements. As Gribble &
Hertel (2004) found, there appears to be a relationship between muscle fatigue in the lower
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extremity and deficits in postural control; however, no previous studies have examined the
effects of specific fatigue on designated movers of the ankle, knee, and hip. In their study on
balance and motion, the researchers found that fatigue at the knee and hip led to postural control
impairment in the frontal plane, whereas fatigue at the ankle did not (Gribble & Hertel, 2004). In
the sagittal plane, fatigue at all 3 joints contributed to postural control impairment (Gribble &
Hertel, 2004). Their results suggested that there is an effect of localized fatigue of the sagittal
plane movers of the lower extremity on center of pressure velocity (COPV). It appears that
fatigue about the hip and knee had a greater adverse effect on COPV. (Gribble & Hertel, 2004).
In a study which used a simulated volleyball match to induce fatigue, Ribeiro et al., (2008) found
that fatigue leads to proprioceptive deficits, decreasing sensorimotor system acuity in female
players. This study did not focus on localized but generalized fatigue.
The cause of such detriment on postural control is rooted in those 3 metrics mentioned
earlier. A breakdown in proprioceptive cues as a result of fatigue can lead to decreased motor
control (Agostini et al., 2013; Baghbani et al., 2016; Gribble et al., 2018). Fatigue may impair
the proprioceptive and kinesthetic properties of joints (Agostini et al., 2013; Baghbani et al.,
2016; Gribble et al., 2018). Fatigue increases the threshold of muscle spindle discharge, which
disrupts afferent feedback, subsequently altering joint awareness (Gribble et al., 2018). The
detrimental effect of fatigue on static postural control has been previously explored, resulting in
strong evidence that there are neuromuscular adaptations occurring (Agostini et al., 2013;
Baghbani et al., 2016; Gribble et al., 2018). In a study on general and localized fatigue, Paillard
(2012) found different compensatory postural strategies are triggered to counteract or limit the
disturbance of postural control due to the general and local muscle fatigue.
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If somatosensory input and neuromuscular control are altered, the result, is therefore, an
increased risk of injury. So, if there is a deficit in postural control, then there is an increased risk
of injury (Baghbani et al., 2016). Altered somatosensory input due to fatigue could result in
deficits in neuromuscular control as represented through deficits in postural control (Baghbani et
al., 2016; Gribble & Hertel, 2004). In our research and to the best of our knowledge there have
been no studies pairing the CMJ, induced fatigue from a simulated volleyball set, and postural
steadiness. However, Cooper et al., (2020) did directly study the effects of fatigue on CMJ
performance and balance, but did not use an athletic population. The researchers found that
lower body fatigue can lead to a decline in vertical jumping and balance performance due to
decreased motor control and coordination (Cooper et al., 2020). However, the use of
recreationally trained individuals is more likely to illicit fatigue and a significant response.
Application of Postural Control
Being able to quantify balance metrics to give insight into proprioceptive and
neuromuscular fatigue in athletes is an invaluable resource if available. If an athlete has lowerbody fatigue, this can lead to a decline in balance performance due to decreased motor control
and coordination (Cooper et al., 2020). Studying postural control, which is more
neuromechanical related, leads to postural steadiness, and then improved balance.
Force plates are becoming the most reliable and accurate way to measure postural
steadiness for coaches and trainers. Previously the most common and easiest protocol is the
SEBT, but with force plates becoming cheaper and easier to transport/ use, technology can give
coaches greater insight into their players metrics. Postural steadiness in athletes, and specifically,
volleyball players, needs to be carefully quantified because the research has shown that athletes
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have higher frequencies in their COM which could indicate poor balance but is an inaccurate
interpretation (Borzucka et al., 2020; Gathercole et al., 2015; Mkaouer et al., 2017).
In our research, with volleyball as our sample population, the baseline postural control
metrics need to be fully understood before the experimental phase can begin. The female
volleyball players are much less vulnerable to accidental fluctuations and disturbances of
postural control. Therefore, the postural control of high-class female volleyball players may be
postulated as better and more reliable (Borzucka et al., 2020). In both anterior-posterior (AP) and
medial-lateral (ML) planes, athletes had lower range and higher fractal dimension of the COP.
They had also higher peak frequency than control group in the ML plane only. (Borzucka et al.,
2020).
The application of dynamic and static testing as a way to predict athletic performance and
prevent injury is the focus of using force plates. The significant changes in force-time curves
observed at multiple time points suggests that 1D analysis can detect differences throughout the
force trace and may provide a method to assess athlete fatigue and readiness to perform (Hughes
et al., 2021).
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Chapter 3: Methodology
Experimental Approach to the Problem
To study the effects of fatigue on dynamic and static tasks in NCAA D1 volleyball
athletes, a fatiguing jump protocol was implemented to simulate a volleyball match. A baseline
measure of CMJ height, ground reaction force metrics, and postural steadiness metrics were
collected on a force plate. To achieve a fatigue state, five sets of 30 CMJs, with three minutes of
inter-set rest, were implemented. Fatigue was determined by self-reported RPE on the Borg
(1982) CR10 scale. After each simulated set of 30 CMJs, dynamic and static tasks were reassessed to identify changes stemming from the onset of exhaustion.
Procedures
Subjects
We convenience sampled 16 NCAA Division 1 volleyball athletes to participate in this
study. All 16 athletes were medically cleared for sport participation. Liberos were included as
previous research has found consistent vertical jump performance across playing positions
(Sattler et al., 2015). Exclusion criteria for participation included: any medical or neurological
condition that would make performing dynamic athletic movements potentially dangerous; any
history of lower extremity surgery within the past 6 months, any residual pain or reduced activity
from a prior surgery, any history of significant lower extremity injury (>7 days of impaired daily
activity) within the past 3 months, or any residual pain or reduced activity associated from the
prior injury.
An a priori power analysis calculation (G*Power 3.1.9.7) was completed to support our
cohort that was collected via convenience sampling. Given mean and SD of GRF data of CMJ
from two previously published projects (Smith et al., 2009; Zhang et al., 2010), it was estimated
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that 13 to19 participants would be needed to achieve significant power (α = 0.05, β = 0.80). This
supports the notion that we are properly powered to find significant differences if present in our
current sample (n = 16).
General Assessment
All procedures were approved by the University of Montana Institutional Review Board.
All participants were informed of the benefits and risks of this study, as well as provided written
consent. At the onset of data collection, participants completed a modified PAR-Q to ensure
eligibility and a demographic survey detailing player position, years of playing experience, and
estimated minutes of physical activity per week at the time of the data collection. After a selfselected warmup (similar to normal practice routine), a baseline assessment (A0), consisting of
two quiet stance (eyes open then eyes closed) measurements and three maximal CMJs were
captured with up to 1 minute of rest between attempts. Both dynamic and static tasks were
collected following each fatigue protocol set (A1 – A5).
Dynamic Task Assessment
The order of testing was the same for each participant to maximize fatigue and maintain
efficient timing to reduce unnecessary rest time. For the baseline, to prevent any interaction of
fatigue on the postural steadiness collection, the COP metrics were collected first, then the
dynamic. During the fatiguing protocol this was reversed. All tasks took place on a Bertec force
plate (Bertec, 4060-05, Columbus, OH, USA).
A CMJ was the dynamic task used for assessment. The participants started from an
upright standing position, with the hands at their side. The loading phase began with a
preliminary downward movement by flexing at the knees and hips and lowering themselves
down into a squat position while extending at the shoulder (Ortega et al., 2010). To take
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advantage of the energy stored by the elastic elements of the muscles, participants were
instructed to not linger in the deep squat position, but rather quickly transition to the propulsion
phase (Ortega et al., 2010). During the propulsion phase, the participants extended at the knees
and hips while simultaneously swinging the arms into shoulder flexion (Ortega et al., 2010). Arm
swing is allowed in this CMJ protocol as previous research has found that added arm swing
versus no arm swing made no significant difference in jump performance and may better
represent a familiar task to the participants (Sattler et al., 2015). The propulsion phase is
completed as the participant leaves the ground. Upon landing during the baseline (A0) testing,
the participants were told to absorb the impact as best as possible by flexing at the knees and hips
(Ortega et al., 2010). Throughout assessment protocols, landing feedback was only given if
participants displayed any potentially dangerous landings patterns or did not land with both feet.
This landing phase was quantified by the presence of a vertical GRF signal on the force plate.
The aim of the CMJ was to achieve the greatest vertical displacement from a standing position.
Jump height was measured with a Vertec Jump (Jump USA, Sunnyvale, CA) but to ensure
accuracy between participants, the custom MATLAB script was used to calculate and determine
true jump heights. The Vertec jump marker was used as a reaching point. The average of three
maximal effort jumps, from each assessment, was used for analysis. During the testing, to limit
unnecessary rest time, the CMJ jump height was calculated within the custom MATLAB script.
Static Task Assessment
Postural steadiness was used as the static task. To assess postural steadiness, the
participant was instructed to stand quietly and resting naturally, with hands at their side, and feet
shoulder width apart. The static task was measured with two legs to assure that all participants
could complete the assessment. Postural assessments can include multiple perturbations to
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further determine what components of postural control are being utilized to maintain upright
posture. Participants were asked to stand on a firm surface for 30 seconds. The participants first
stood in a quiet stance with their eyes open (EO) for 30 seconds while their COP was measured.
They repeated this immediately after, with their eyes closed (EC) this time.
Previous research has demonstrated that volleyball athletes have an enhanced visual
acuity compared to controls (Agostini et al., 2013; Buchanan & Horak, 1999; Williams et al.,
2016). For both EO and EC conditions, participants will be asked to focus on a small object
approximately 3 meters in front of them to standardize gaze. The aim of a balance assessment
was to maintain upright posture with the fewest adjustments. This postural steadiness was
captured by the force plate and quantified by the COP signal of the force plate. Center of
pressure is a projection of the center of mass on to a two-dimensional field. During balance
assessments, the COP was actively changing position as the participants attempted to remain
upright posture. Participants were instructed stand on a single force plate instead of measuring
each leg individually, as previous research has demonstrated that asymmetries do not increase
with fatigue (Hodges et al., 2021).
Fatigue Protocol
The onset of fatigue was observed during a single data collection (Figure 4). Once all
participants completed the baseline measurements, the fatigue protocol began. To best represent
the onset of fatigue during a volleyball match, participants were asked to complete five sets of 30
CMJs, with three minutes of rest in between each set. The total number of jumps for the fatigue
protocol equaled 150. Including the 3 CMJs per assessment, the total number of jumps per
participant equaled 168. The number of CMJs was determined from previously collected
unpublished data, roughly the average number of jumps an individual would perform in a
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volleyball match. The number of sets and rest time mirrors the structure of a collegiate volleyball
match and what other studies have performed (Sarvestan et al., 2018; Ribeiro et al., 2008; Zhang
et al., 2021). The participants were asked to jump following an audible metronome that was set
at 10bpm (1 jump every 6 seconds) so as to standardize the frequency of participant jumps. The
jump rate of 10 bpm and the total number of jumps presently employed has previously been
shown to induce a fatigue response in athletic participants (Knihs et al., 2021; Pereira et al.,
2009; Pereira et al., 2014).

Figure 4: Study Design. Baseline (A0) and subsequent fatigued assessments (A1, A2, A3, etc.) are compared in a repeated
measure design.

Participants were asked to jump and hit a target set to 85% of their maximum jump height
captured during baseline testing. This rest period was provided to allow both for adequate time to
capture the dynamic and static assessments and to give the athletes the same amount of rest time
that they would receive in a game. Rest was provided, because although the goal was fatigue,
they needed to last all 5 sets and maintain jumping at 85%. This mark was simply a target used to
illicit fatigue and not necessarily a mark that needed to be reached.
Data Analysis
The independent variable for this study was fatigue. The dependent variables are the CMJ
and static task metrics. Determination of successfully reaching fatigue after the protocol was
assessed through a subjective RPE on the Borg CR10 scale (Borg, 1982). To make comparisons
between individuals we normalized our GRF by dividing by the individual’s mass.
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Dynamic Task Metrics
During the CMJ, vertical GRF was collected via a force plate (Bertec, 4060-05,
Columbus, OH, USA) at 1000hz. The raw signal was down sampled to 100Hz, then passed
through a 4th order, zero lag, low-pass Butterworth filter (Fc= 50Hz) to remove noise and any
other nonbiological signal. Subsequent vertical GRF data was used to create the time curve
(Figure 1). The GRF time curve was used to derive jump height (JH), net impulse, peak GRF and
rate of force development during the takeoff phase (RFDprop) via a custom script in MATLAB
(Mathworks, IBM, MI) (Barker et al., 2018; Cooper et al., 2020; Gross & Nelson, 1988; Hodges
et al., 2011; Hughes et al., 2021; Kipp et al., 2016; Kipp et al., 2021; Knihs et al., 2021;
Sarvestan et al., 2018).
Power, or positive net impulse (See areas 2-4 in Figure 1) is the area under the curve that
measures the net force produced during the braking segment of the eccentric phase, and the force
production segment of the concentric phase of a CMJ (Barker et al., 2017; Cooper et al., 2020).
Or, when observing a visual schematic (Figure 2) the area under the curve surround peak C and
peak D, assumed under normal conditions. However, in relation to this paper, the positive net
impulse will the more important metric. Change in positive net impulse, particularly a decline in
force production, has been shown to have positive correlations to increasing the levels of fatigue.
Rate of force development (RFD) is an effective metric in a GRF time curve for fatigue
analysis (Barker et al., 2018). RFD is determined by the capacity to produce maximal voluntary
activation in the early phase of an explosive contraction (first 50–75 ms of GRF time curve),
particularly as a result of increased motor unit discharge rate, and is sensitive to detect acute and
chronic changes in neuromuscular function (Maffiuletti et al., 2016). This metric was calculated,
again using MATLAB software to determine the slope between the amortization phase and the

36
second highest peak. This metric was calculated within the software by finding the rate of change
in force over the time between the peak GRF prior to takeoff and takeoff (Figure 2).
Peak GRF occurs during landing and quantifies the forces that impact produces. Peak
GRF has been used extensively in previous literature for determining fatigue. This metric was
calculated through analysis and the use of MATLAB software. By filtering to remove nonbiological static in the signal, the individual data points were analyzed to find the highest point.
Impact absorption begins when the athlete’s foot touches the force plate and measures the
maximal downward velocity (Ortega et al., 2010). Landing patterns give insight into fatigue
through analysis of these impact forces. Previous research has shown that while a subject is
fatigued, shock attenuation during landing is absorbed by joints and bone rather than eccentric
muscle contraction (Coventry et al., 2006).
Static Task Metrics
During the balance assessment, the COP was collected via force plate (Bertec, 4060-05,
Columbus, OH, USA) and analyzed with a custom MATLAB script (Figure 4). The raw COP
data was down sampled to 100Hz and was then passed through a 4th order, zero-lag, low-pass,
digital Butterworth filter (Fc= 50Hz) to remove noise and any other nonbiological signal.
Postural steadiness is most often quantified by changes to the COP time series during
quiet stance (Prieto et al., 1996). This signal can be reliably characterized by its displacement,
frequency, velocity, and 95% confidence ellipse, as other research has found these metrics to be
key to understanding and interpreting this postural steadiness. (Barker et al., 2018; Borzucka et
al., 2020; Buchanan & Horak, 1999; Cooper et al., 2020; Hughes et al., 2021; Prieto et al., 1996).
Lower-body fatigue can lead to a decline in balance performance due to decreased motor control
and coordination, and as a result, a change in quantifiable balance metrics (Cooper et al., 2020).
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Mean displacement (MDISP) is defined as the average distance traveled by the COP from
the beginning position (Prieto et al. 1996). Displacement gives correlative insight into balance
metrics as those with decreases postural steadiness are prone to large displacement (Asadi,
2016). Previous studies have characterized postural steadiness with measures related to the
velocity of the measured displacement area of the stabilogram as well as the mean displacement
of the COP (Prieto et al., 1996).
Mean velocity (MVELO) is recorded as the average velocity of the COP and is calculated
as displacement over time, which normalizes the total excursions to an analysis interval (Prieto et
al., 1996). Mean velocity has been suggested, in previous research, to be the most reliable COP
measurement of postural steadiness (Dai et al., 2010; Lafond et al., 2014).
The 95% confidence ellipse (95% CE) was found from the balance assessment through
analysis of the resultant time series, and encapsulates 95% of the points of the COP path. In turn,
the 95% CE is the vector distance from the mean COP to each pair of points in the AP and ML
time series, which will present in the shape of an ellipse with 95% of all points inside (Prieto et
al., 2016). It has been demonstrated in previous research that postural steadiness is correlated
with a smaller area of the 95% confidence ellipse (Agostini et al., 2013; Borzucka et al., 2020).
Mean frequency (MFREQ) is the measure of the number of changes in direction of the
COP per unit of time for both AP and ML directions (Prieto et al., 1996). Frequency determines
the velocity between collected data time points during the assessment (Prieto et al., 1996).
Previous research has shown that athletes present higher frequencies as a result of sport specific
adaptations, but little is understood how the onset of fatigue may alter the metric (Borzucka et
al., 2020). This research attempts to answer that question, especially given the unique postural
methods that volleyball players employ.
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Statistical Analysis
Dynamic and static tasks were analyzed separately. Static task metrics were analyzed
with a 2 x 6 (Vision x Time) Repeated Measure MANOVA, while dynamic task metrics were
analyzed with a Repeated Measure MANOVA across the six different assessments (i.e., factor of
time). For both sets of metrics, alpha levels were set to 0.05 with a Bonferroni adjustment being
utilized during post-hoc pairwise comparisons. The primary aim was determined by the initial
significance level of the MANOVA tests. Post-hoc pairwise comparisons were used to determine
when significant change occurs and provide insight into the secondary aim of the study. All
statistical analyses were completed in SPSS 25.0 (IBM, New York, NY, USA).
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Chapter 4: Results
All participants were able to successfully complete the fatiguing jump protocol. All
participants were able to successfully complete the fatiguing jump protocol and jump
assessment. If participants did not cleanly land on the force platform, they were asked to
complete an additional jump until three successful jumps were captured. To ensure that the
protocol was sufficiently intense to induce fatigue, the perceived exertion or exercise intensity
was assessed at the end of the protocol using Borg’ s (1982) CR10 rating of perceived exertion
(RPE) scale (Post-protocol RPE = 6.3 ± 1.0). Previous research has interpreted the average level
of RPE as “severe” to “very severe”(Borg, 1982). Similar research on volleyball players found
that, on a standard Borg scale, a rating of “heavy/ hard work” between a 15 and 17 RPE was
sufficiently fatiguing (Ribeiro et al., 2007). An RPE of 15 on a scale of 6-20, similar to a 6 on the
CR10 scale, has been reported to correlate strongly with the metabolic responses of fatigue,
including respiratory exchange, heart rate, absolute oxygen consumption, and blood lactate
concentration (Edwards, Melcher, Hesser, Wigertz, & Ekelund, 1972).While all participants
successfully completed the protocol one participant’s data was not successfully captured during
the dynamic task; in turn, dynamic task data was calculated from a reduced sample (n = 15).
Descriptive statistics for each metric are provided for dynamic (Figure 5) and static (Figure 6)
tasks.
Multivariate analysis of the dynamic task metrics revealed no significant difference (F5,11
= 0.752, p = 0.801, λ = 0.776); in turn, no further statistical tests were completed. Multivariate
analysis of static task metrics exhibited a significant main effect of vision (F4,12 = 3.428, p ≤
0.043, λ = 0.467) and time (F20,240 = 3.256, p ≤ 0.001, λ = 0.451), as well as an interaction
between vision and time (F20,240 = 2.216, p ≤ 0.003, λ = 0.570). Subsequent univariate and
pairwise comparisons revealed that the interaction between vision and time only occurred for
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MVELO between A0 and A1 (F = 2.771, p ≤ 0.025). No other interactions were noted between
vision and time across static task metrics.
Univariate comparisons of static task metrics noted significant differences in 95% CE in
Vision (F = 5.569, p ≤ 0.032) and Time (F = 12.35, p ≤ 0.014). Further, MDIST (F = 5.69, p ≤
0.003) and MVELO (F = 5.69, p ≤ 0.001) were found to be significantly different across Time.
Pairwise comparisons of 95% CE between the EO and EC conditions revealed a greater amount
of sway area (4.4x10-5 ± 2.7x10-5 m2) in EO compared to EC (3.9x10-5 ± 2.0x10-5 m2). Pairwise
comparisons between assessments revealed a significant difference between baseline measures
(A0) and mid-protocol assessments of 95% CE (A0 vs A3-A5, p ≤ 0.015) and MDIST (A0 vs
A3-A5, p ≤ 0.028). Pairwise comparisons of MVELO revealed a similar significant difference
between baseline measures (A0) and all other assessments (A0 vs A1-A5 p ≤ 0.012). No
significant differences were noted between A1-A5 for all metrics.
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Figure 5: Dynamic Task Metrics: Presented as means ± 1. No significant difference between levels, from baseline (A0) during the fatigue
protocol (A1-A4), and post fatigue protocol (A5).
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Chapter 5: Discussion
Static Tasks
All participants demonstrated a high level of fatigue, with an average of 6.3 ± 1.0 on the
Borg (1982) CR10 scale. This level of fatigue is classified between severe and very severe
fatigue and is similar to previous research quantifying fatigue in both athletic and non-athletic
populations (Baghbani et al., 2015; Stieb et al., 2013; Ribeiro et al., 2008). In turn, we interpret
that the fatigue protocol was successful in inducing acute fatigue similar to a bout of exercise or
volleyball competition. Our results reflect the changes to dynamic and static tasks during the
accumulation of perceived fatigue; however, no differences were noted for all metrics of
dynamic tasks. Rather, differences were noted with the onset of perceived fatigue in the metrics
of static tasks.
In spite of severe levels of perceived exertion, the sampled cohort was highly resistant to
changes in jumping performance and landing mechanics. While using a countermovement jump
may appear to be an ideal functional movement to quantify fatigue in a jumping sport, it may be
more insightful to quantify deficits in movements that are less explicitly trained, whereas the
CMJ is habitually tested. By analyzing these movements that are less trained, such as balance
(postural steadiness), a greater insight into underlying levels of fatigue may be achieved. While
balance is not primarily emphasized in volleyball training, it possesses the capacity to quantify
the onset of fatigue. Specifically, 95% CE, MDIST, and MVEL demonstrated significant
changes over the course of the fatiguing protocol.
Mean Distance
The MDIST measurement presented similar results to the MVELO and 95% CE metrics.
MDIST can also be understood as displacement or sway depending on the literature it is
referenced in. When compared to baseline (A0) the MDIST was increased significantly at
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assessments A3-A5. These results follow similar trends in previous research who found that
MDIST increased with fatigue (Borzucka et al., 2020; Thompson et al., 2017). The significant
differences in MDIST represent the subjects’ increase in COP distance traveled before being
corrected. As the lower limbs become more fatigued, the ability to maintain balance and posture
becomes a more difficult neuromuscular task. The accumulation of perceived fatigue may also be
attributed to neurologic factors controlled peripherally, which can be tested through measures of
postural control (Gribble & Hertel, 2004). The fatiguing jump protocol may have resulted in
varying levels of peripheral neuromuscular fatigue of the lower extremities (Paz et al., 2017;
Prieske et al., 2017).
In their study on athletes compared to non-athletes, Thompson et al., (2017), found that
COP parameters showed steeper increases with increased test difficulty in non-athletes compared
to athletes and that this demonstrated athletes’ better ability to control their balance. The
researchers concluded that balance performance could be characterized via COP displacement
and velocity response curves (Thompson et al., 2017). This further expands upon the differences
between the current sample population and non-athletes, which may explain the specific
differences seen in the results. This is valuable from a professional standpoint in the
quantification of athletes COP metrics, such that athletes’ results should not be compared to the
baseline of a general population. The volleyball players in this study presented metrics similar to
previous research findings and not to non-athlete research (Agostini et al., 2013; Kipp et al.,
2016; 2021; Thompson et al., 2017).
As previous researchers have noted, these athletes have a unique postural steadiness that
is likely the result of experience in the sport (Agostini et al., 2013; Borzucka et al., 2020;
Thompson et al., 2017). The increase and plateauing of MDIST can be interpreted as the
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participants bodies adjusting to the destabilizing influence of fatigue, but maintaining enough
balance to be prepared for the next task. The results of which have been demonstrated to have an
adverse effect on neuromuscular control, which may impair the proprioceptive properties of
joints (Gribble & Hertel, 2004: Prieske et al., 2017). The proprioceptive ability of the athlete
used for postural control is lessened with fatigue, making it more difficult to limit displacement
of the COP (Baghbani et al., 2016). From a neuromuscular standpoint, it is conceptually sound
that the MDIST would increase with fatigue as the activity continues.
95% Confidence Ellipse
As noted earlier in the review of literature, volleyball players have been shown to
demonstrate unique postural control methods. However, the 95% CE metric compensates for any
single plane of motion adaptation with these unique strategies by analyzing the total area of
sway. The 95% CE metric is commonly used to reference the area of maintenance of upright
posture. A greater area or increase in multiplanar distance, indicates that adjustments are made
further from the central point of balance. Greater magnitudes of sway are interpreted as an
inability to produce optimal control of posture (Williams et al., 2016). As fatigue gradually
increases, the muscles responsible for postural control are not able to maintain the same fine
neuromuscular control (Gribble et al., 2018; Gribble & Hertel, 2004; Williams et al., 2016). As
we see in the results (Figure 6), the 95% CE increased significantly in the first two sets,
particularly in the EO condition. The larger sway area increases to compensate for the fatigued
lower limbs to maintain balance, but also to allow for greater “exploration” of the space while
still maintaining upright posture (William et al., 2016). However, the results seem to level off
across the remaining assessments. This may suggest a fairly rapid change in motor control
strategy which is present during the initial assessments. The leveling off of the metric
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demonstrates a change in postural control before significant fatigue set in as the subjects may
have anticipated the onset of fatigue.
The resulting change of 95% CE area seen in the present study coincide with similar
research on balance after fatiguing protocols (Agostini et al., 2013; Borzucka et al., 2020; Masci
et al., 2010). Masci et al., (2010) also analyzed the unique postural control found in volleyball
players and found that they demonstrated a neural adaptation of the motor control scheme to
training. These researchers saw that the alterations in co-activation with training, as those
exhibited by the volleyball players, may be related to a reduced ability to focus the motor
command to the appropriate muscles involved in the task (Masci et al., 2010). This indicates that
volleyball players demonstrate altered postural control, both before and during the presence of
perceived fatigue, which allows for quantification once a baseline is established.
Previous research has demonstrated that elite volleyball players are accustomed to fatigue
and often incorporate different postural steadiness strategies as fatigue accumulates (Borzucka et
al., 2020; Mkaouer et al., 2017; Williams et al., 2016). This may explain why the area of sway
appeared to level off over time, regardless of increasing fatigue. Borzucka et al., (2020), found
that volleyball players postural control is highly variable with a broad spectrum of postural
strategies. This results in promoting the capacity of the athletes to optimally select these
strategies according to the demands of game (Borzucka et al., 2020). Similarly, Agostini et al.,
(2013) found that volleyball players produced greater COP ellipses with eyes open, when
compared to controls. The researchers determined that these elite athletes use a different model
of sensory integration in their postural stability (Agostini et al., 2013). The present results
support this notion in regards to volleyball players postural control. They displayed a unique
pattern of balance response in the initial assessments and then uniformly leveled off.
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Additionally, in in a sport where changes in play and position are frequently occurring,
this increase in sway area may not be as detrimental as in other sports. Having a larger sway area
may not be determinate of poor postural control, especially in the case of elite volleyball players.
Rather, the attitude that is developed in their sport has them constantly in a ready state to quickly
react to in-game situations, even with increasing fatigue (Agostini et al., 2013; Borzucka et al.,
2020). The increased sway displayed in the results are indicative of fatigue achieved from the
protocol. This adaptation to fatigue could be a trained motor strategy that enables these elite
athletes to quickly move from a static to a more unstable, dynamic position (Williams et al.,
2016). Demonstrating an increase in sway area followed by a leveling off may simply be
interpreted as the athletes’ muscles adjusting to fatigue while maintaining readiness for the next
required movement. This insight may further explain how the 95% CE area increased and
plateaued in this study. As the participants fatigue increased, their balance had to respond, which
resulted in a larger sway area, and the leveling off was the result of the athletes “settling in” to a
state of perceived fatigue that they were accustomed to. As a result, he participants are familiar
with fatigue and sacrificing balance for maintenance of play.
Understanding that the 95% CE area indicates a level of fatigue, when above baseline,
may prove useful in practice or training situations to prevent overuse injuries. Becoming
accustomed to fatigue while maintaining balance may mitigate the risks of injury as a result of
poor landing mechanics and postural control. This information may also be particularly useful
for athletic trainers and strength coaches to know if balance training needs to be implemented in
subsequent practice sessions to improve coordination, particularly for sports with rapid changes
in direction that require stiff planting and rotating. On a fatigued base of support these
movements could prove dangerous. Previous research by Baghbani et al., (2016) noted that
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female volleyball players are much less vulnerable to accidental fluctuations and disturbances of
postural control, which may suggest that becoming familiar with fatigue during training, and
proper movement patterns may reduce the risk of injury with better postural control.
Mean Velocity
Across all assessment trials, MVELO was significantly increased compared to the
baseline assessment (A0). Previous literature has reported similar interactions after fatiguing
protocols and MVELO. Dai et al., (2010) found that after fatigue and a detraining period that
COP velocity changed in all directions compared to baseline, which suggested a potential
decrease in postural control. Detraining can cause a lack of proprioceptive ability, which, like
fatigue, can cause a decrease in postural control. Similarly, in their research on postural
steadiness metrics, Lafond et al., (2004) also suggested that mean velocity as the most reliable
COP measurement of postural steadiness. Applying this to the present study, we can see that
across all assessments (A1-A5), the athletes demonstrate significantly more velocity than at
baseline. However, the change in velocity seen in the initial assessments were not likely the
result of fatigue. Rather, these particular results support the idea that volleyball players may
demonstrate anticipatory and less variable COP movements in this metric compared to others.
The athletes appear to demonstrate adaptability prior to needing to cover more distance of the
COP. Compared to the results of MDIST and 95% CE, MVELO presented differences initially
perhaps due to mechanics of the athletes postural control strategy and not fatigue.
These results in the given volleyball population may be interpreted similar to the 95%
CE. These athletes, although fatigued, increase mean velocity to account for the rapid changes in
play that is required of them. In a study that included numerous athletes comparing fatigue and
postural control, Williams et al., (2016), found that while basic balance is required to perform
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simple activities of daily living, athletes encounter greater movement excursions, more rapid
joint and segmental velocities and the need for decreased reaction times during sporting
activities. The increase in MVELO seen in our results suggests that for the athletes to overcome
a greater magnitude of adjustments without increasing the number of adjustments, the MVELO
needed to increase as well. This further suggests a reduced efficiency in the adjustments resulting
in a greater distance traveled, which is supported by the results of 95% CE and MDIST metrics.
It may be the case that in the presence of perceived fatigue the athletes react slower to a
perturbation and the COP travels further before correction. This results in having to move with a
faster velocity to make that correction before balance is lost. Since there is no significant
increase in frequency, the most feasible explanation is to correct for the greater distance covered
with faster adjustments.
These demands on the athlete place an increased need for maintenance of dynamic
balance and are perhaps a learned skill (Williams et al., 2016). In normal populations, fatigue is
seen in the COP metrics as greater and more frequent alterations of posture. However, this metric
does not necessarily correlate to poor performance in athletes, who have fewer alterations and
less frequency (Borzucka et al., 2020; Williams et al., 2016). However, increased sway and
increased velocity do place the athlete at risk, as lack of postural control has been negatively
correlated with injury (Baghbani et al., 2016). The injury risk may come from impaired
proprioceptive and kinesthetic properties of joints which fatigue has been shown to disrupt
(Baghbani et al., 2016). Our current findings may demonstrate that the jump height and landing
patterns were maintained at the cost of postural stability. This presents evidence that there is an
effect of fatigue on postural control. In translation to a sport or clinical setting, this
understanding of the MVELO and the 95% CE could be valuable in monitoring athletes and
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giving greater insight into their performance readiness. In a practice or game situation, these two
metrics could help support staff identify underlying injury risk that may not be present at face
value.
Mean Frequency
Across all assessments MFREQ displayed no significant differences. It appears that for
this metric the participants had no significant changes in the number of adjustments needed.
Since there was no change in the frequency of COP adjustments, the results seem to suggest that
the other metrics accounted for the change with faster adjustments seen in MVELO and greater
distance covered in the MDIST and larger area in 95% CE, respectively.
These results follow similar patterns found in previous research (Borzucka et al., 2020;
Buchanan & Horak, 1999). Both research groups also noted that athletes demonstrated different
postural control methods compared to control groups, which included higher mean frequency,
lower range, and higher fractal dimensions of the COP. The focus of Borzucka et al., (2020) was
on the distribution of sensory information, particularly vision on COP metrics. Interestingly,
Buchanan & Horak (1999), specifically described the interactions that vision and the removal of
vision, had on postural steadiness. Their results suggested that visual information was important
to maintaining a fixed position of the head and trunk in space, whereas proprioceptive
information was sufficient to produce stable coordinative patterns between the support surface
and legs (Buchanan & Horak, 1999). This is important to understand when analyzing the results
from the standpoint of an elite athlete. The onset of reduced postural control with the onset of
exhaustion stemmed from peripheral fatigue. There was not a systematic interaction between
time and vision. Had there been an interaction then we would have determined that the vision
overcame the peripheral fatigue.

51
The fatigue from an athletic movement may result in needing to increase the magnitude
of adjustments but not the frequency. Our population appeared to opt for greater magnitude
adjustments rather than adapting a greater number of adjustments. The onset of acute fatigue
does not appear to affect the underlying neuromechanical adaptations to how often the signal is
sent and completed, but rather the magnitude of response. Further, the degradation in postural
control mechanisms are limited since they do not appear to parallel the onset of fatigue in a stairstep fashion.
Dynamic Tasks
Not reaching significance in these dynamic task metrics while reaching significance in
several of the static task metrics, is itself an impactful finding. In fact, in the context of these
participants, finding no significant results in the dynamic task metrics may be even more
valuable than the results of the static task. These results demonstrate that the athletes were able
to maintain their jump ability throughout a simulated volleyball match, regardless of perceived
fatigue levels. By reducing their ability to maintain posture the participants have shown that their
elite training status resulted in being highly fatigue resistant to the task they train for and to
retain jump ability.
We do not know if the onset of the fatigue was similar to the plateauing in the static task
metrics. The fatigue protocol was difficult enough to perturb balance but, may not have been
enough to see a significant change in the dynamic metrics. Given the nature of the sport, the
athletes may have a trained ability to push through fatigue and to maintain jump ability.
Peak GRF
In the present study, the participants identified as reaching a fatiguing level although the
recorded GRF time curve data did not indicate so. This follows similar results from previous
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literature and although interesting, was not unexpected (Cooper et al., 2020; Kipp et al., 2021).
This seems to suggest that these volleyball players are familiar with the effects of fatigue and its
effects on jump ability. Previous studies have demonstrated that individuals change their landing
strategies, such as increasing the range of motion (ROM) at the knee joint or adjusting the
stiffness at the hip and ankle joints, in order to adapt the effects of fatigue during drop landing
(Coventry et al., 2006; Kernozek et al., 2008; Madigan and Pidcoe, 2003). They have also
reported that GRF decreased after fatigue, which could be viewed as a result of self-protection
with fatigue progression.
This lack of change in GRF impact forces is incredibly interesting when framed in the
context of elite athletes compared to normal participants. Kipp et al., (2021) found no change in
jump height or GRF metrics of volleyball players over the course of an entire volleyball season.
By not finding any significant results in the dynamic task of the present study, these athletes
demonstrate a clear goal of performance optimization. For athletic support staff, this knowledge
may help make more informed decisions during practice or training sessions on when to
intervene with the goal of injury mitigation. When analyzing a general population, a higher GRF
impact force would be indicative of fatigue. However, in an athletic population who are
accustomed to jumping (i.e. court sports), the GRF impact forces do not offer the clearest
understanding of fatigue as seen in previous research (Kipp et al., 2016; 2021). We would not
expect to elicit changes in mechanics related to injury risk after a single bout. However, over the
course of a season, a more accurate analysis of longitudinal data would give greater insight into
support staff. Therefore, using metrics more closely correlated with determining fatigue over a
longer period of time, such as postural control, would allow for more insightful results.
Rate of Force Development
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No significant effects were found within the RFD metric. The participants did not appear to
differ in how the force was produced that was needed for the jump. However, this is not unlike
other data collected in previous research. Kipp et al., (2021) studied elite NCAA volleyball
players for an entire season and did not find any significant changes in RFD metrics. The
researchers noted that there appeared to be no changes in the CMJ motor control signatures and
suggested that elite female volleyball players appeared to retain their preferred jumping strategy
across the season, in spite of fatigue levels (Kipp et al., 2021).
In general populations, these results are inversely related in the presence of fatigue. Knihs et
al., (2021) noted that it is known that stretch shortening cycle fatigue induces acute and delayed
alterations on task performance (e.g., jump height or power output) due to loss of strength, but it
also has effect on proprioceptive and neuromuscular level, changing the ability of shock
absorption by the muscles. In these situations, parameters of movement such as lower limb
stiffness may be a sensitive marker of fatigue (Knihs et al., 2021).
Positive Net Impulse
The lack of statistically significant main effects found in the dynamic task metrics across all
assessments establishes that elite volleyball players are well accustomed to maintaining jump
performance throughout the onset of fatigue. Particularly in positive net impulse, which can be
associated with power production, the participants in the present study displayed an ability to
maintain this impulse across all assessments regardless of fatigue, which continues to
demonstrate that these elite athletes present a unique ability to maintain performance. However,
this maintenance of performance may come at the cost of sacrificing static balance which was
noted earlier. These results do not match results from research completed on non-athletes, who
appear to sacrifice jump ability while maintaining postural control. Cooper et al., (2018) found
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no effects on balance and only significant interactions in jumping with a normal subject
population. In contrast, with the present study on highly trained individuals, the lack of
differences seen in the dynamic task metrics exemplify the skills of these athletes. Additionally,
this is important to note for future research on athletes so that the context of their sport may be
taken into account when analyzing the results.
Limitations
This study had several limitations that may have impacted the outcome of the results. By
not randomizing the order in which eyes open versus eyes closed was tested, a potential bias was
introduced which may have skewed the results for more significant findings during the eyes open
assessment rather than the eyes closed. This goes against previous research which predominately
finds that an eyes closed balance assessment, particularly in athletes, results in more significant
changes in postural steadiness (Thompson et al., 2017). While this does not debunk the findings
that balance metrics alter with the fatigue protocol, future studies should counter-balance
conditions when feasible. Similarly, multiple studies on balance and postural steadiness metrics
limit the participants base of support by having them stand with feet together, with the goal of
eliciting a greater response in COP metrics (Agostini et al., 2013; Mkaouer et al., 2017).
Although a limitation, the present study chose not to apply this to maximize external validity.
Previous research frequently uses shoulder width as a standard position for balance metrics and
more accurately represents positions found in in-game and in-practice situations, which allows
for the results to be better applied to our population (Borzucka et al., 2020; Williams et al.,
2016).
Our subject population was highly trained at completing countermovement jumping tasks
in their sport. As a result, we believe that accommodating for fatigue by sacrificing other
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mechanics is a learned skill, particularly among volleyball players. In unpublished research by
Murphy et al., athletes have been seen to maintain jump height throughout the course of a 200+
jump practice. In turn, these findings may not be translatable to less trained volleyball athletes or
other physically active individuals. Inversely, a more rigorous jumping protocol may have
induced deficits in metrics of the dynamic task. This may indicate that the athletes in the present
study are much more fatigue resistant than previously mentioned in related literature (Masci et
al., 2010). The known fatigue resistance of these athletes presented a limitation to the study.
Although a more fatiguing protocol may have elicited more significant results, we did not want
to put the athletes at any injury risk. Similarly, one of the biggest limitations of the present study
is the lack of the ability to measure in-practice and in-game situations. A lab study does not reach
the same effectiveness as an observational measured study. Regardless, we feel that the data
collected accurately represents what has been observed in practice and games for the sample
population.
Future research
An exploratory post-hoc analysis of fatigue levels between playing positions revealed in
interesting insight into how each participant handled the protocol. On the Borg (1982) CR10
scale certain positions reported greater levels of fatigue compared to other positions. The middle
blockers alone had an average RPE of 6.7, the outside hitters had an average RPE of 6.2, and the
defensive specialists had an RPE of 6.0. While note statically examined, this may indicate
positional differences in the present results. This trend is supported by the notion that athletes
who are more accustomed to greater jump counts in practice self-reported lower RPE scores
following the standardized fatigue protocol. Future research may look at the changes in balance
metrics and dynamic task metrics between positions or adapt position specific fatigue protocols.
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Additionally, future research may also strive to understand the longitudinal effects of
fatigue on both dynamic and static tasks with an emphasis on balance metrics. Longitudinal
fatigue studies may dive deeper into understanding the effects of central nervous system fatigue
and overload on the CNS. Similarly, given the nature of elite athletes training with certain types
of balance, the quiet stance in this study may not have been a challenging enough task for highly
trained athletes to discern levels of acute neuromuscular fatigue. A future longitudinal study on
fatigue would allow for the use of the same protocols employed in the present study.
The application of these findings for future research may be insightful into determining
levels of fatigue. The present study may not have had a fatiguing enough protocol to truly
demonstrate the effects of the dynamic and static task metric changes. The present protocol could
be beneficial to use on younger, less trained individuals, or adapt a less trained dynamic task to
quantify a decrease in functional movement performance. Conversely, future research may
include a more fatiguing protocol to determine exactly how fatigue resistant these elite athletes
are. However, in contrast to the present study, the majority of previous researcher that reached
significant findings in change of COP metrics and dynamic task metrics used a standard or
recreationally athletic population. Cooper et al., (2021) used recreational athletes and saw no
difference in postural steadiness, while Kipp et al., (2021) studied a volleyball team and found no
significant differences in the countermovement jump. Because the present study used elite
athletes, future researchers may want to consider applying the results of an athletic population to
those of a control population to better contextualize the major changes likely seen.
Conclusion
This study sought to understand the role that fatigue played in the completion of jumping
and postural control tasks on elite level volleyball players. After subjecting these athletes to an
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extensive fatiguing protocol, similar to a simulated volleyball match, the hypothesized reduction
in jump metrics were not observed. While there were no significant findings within any of the
dynamic task metrics, there were significant differences of MVELO, MDIST, and 95% CE
during quiet stance. Based on these results, we determined that the participants were highly
fatigue resistant to the dynamic task. Rather, significant changes in balance metrics demonstrated
that the loss of postural stability, even amongst trained participants, occurred as a result of
fatigue, even if it was an anticipatory response to perceived fatigue. Balance was reduced while
maintaining both upright posture and performance. Greater postural sway across this protocol
suggests that there are acute neuromuscular adaptations.
These volleyball players demonstrated a unique ability to maintain jump performance, in
some cases, at the cost of their postural steadiness. Fatigue resistance was expected given the
sample cohort and future research may be aimed at uncovering more details about how these
athletes respond to certain fatiguing bouts. The practical application of this information is
beneficial in assisting coaching and athletic support staff in discerning otherwise hidden levels of
fatigue. These results also indicate that using a CMJ as a fatigue measuring metric may be an
ineffective and that at analyzing postural control may be more indicative of true underlying
fatigue. Therefore, understanding the postural control of high-class female volleyball players
may be postulated as better and more reliable metrics for understanding fatigue levels (Baghbani
et al., 2016).
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Appendices
Modified Physical Activity Readiness and Health History Questionnaire
Date: ____\____\ 20___

Please answer the following questions to the best of your knowledge (circle YES or NO)
1.

YES

NO

Has a doctor ever said that you have a heart condition and that you should
only perform medically supervised physical activity?

2.

YES

NO

Do you feel any pain in your chest when you perform physical activity?

3.

YES

NO

In the past month, have you developed chest pain when you were not
performing any physical activity?

4.

YES

NO

Do you ever feel faint or have spells of severe dizziness, passed out,
palpitations or rapid heart beat?

5.

YES

NO

Is your doctor currently prescribing any medication for your blood pressure or
for a heart condition?

6.

YES

NO

Has a medical doctor ever diagnosed you with a chronic disease, such as
coronary heart disease, coronary artery disease, hypertension (high blood
pressure), high cholesterol or diabetes?

7.

YES

NO

Do you suffer from or have you ever had a history of pulmonary disease
(exluding regular asthma)?

8.

YES

NO

Have you injured bones, joints, or muscles in your back or legs in the past 3
months?

9.

YES

NO
Have you had surgery within the past 6 months or any residual pain or reduction
in physical activity since?

10.

YES

NO

Is there any physical reason not mentioned here why you should not
engage in physical activity?
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